Abstract: The benefits of breastfeeding over formula feed are widely appreciated. However, for many mothers breastfeeding is not possible, highlighting the need for a significant improvement in the contents of formula feed. In this article, the overlooked role of melatonin and the melatonergic pathways in breast milk and in the regulation of wider breast milk components are reviewed. There is a growing appreciation that the benefits of breastfeeding are mediated by its effects in the infant gut, with consequences for the development of the gut-brain axis and the immune system. The melatonergic pathways are intimately associated with highly researched processes in the gut, gut microbiome and gut-brain axis. As the melatonergic pathways are dependent on the levels of serotonin availability as a necessary precursor, decreased melatonin is linked to depression and depression-associated disorders. The association of breastfeeding and the gut-brain axis with a host of medical conditions may be mediated by their regulation of processes that modulate depression susceptibility. The biological underpinnings of depression include increased levels of pro-inflammatory cytokines, oxidative stress, kynurenine pathway activity and dysregulation of the hypothalamic-pituitary adrenal axis, all of which can decrease melatonergic pathway activity. The inclusion of the melatonergic pathways in the biological interactions of breast milk and gut development has significant theoretical and treatment implications, as well as being important to the prevention of a host of infant-, child-and adult-onset medical conditions.
Introduction
Breastfeeding is highly recommended, with benefits for both infant and mother. However, breastfeeding rates are variable across countries as well as across different ethnic groups within a country (1) . In the USA, 30% of mothers exclusively breastfeed, with another 30% partially breastfeeding (2) . Most mothers in the USA, and most Western countries, predominantly use formula feed. This has a number of medical consequences for the susceptibility of the infant to an array of medical conditions and, consequently, significant economic implications (3) .
Breastfeeding affords protection against a wide variety of medical conditions that may emerge at different time-points over the lifespan, including hospital admissions for respiratory infections and neonatal fever (4, 5) , offspring childhood obesity and cancer (6) , sudden infant death syndrome (SIDS) (7) , as well as an array of other medical conditions, such as cardiovascular disease, obesity, hyperlipidemia, hypertension and types 1 and 2 diabetes (8) . Such an array of benefits seem partly mediated by the impacts of breastfeeding on processes regulating metabolism and thereby on the risk of offspring metabolic dysregulation and obesity (9) . Consequently, given that metabolic dysregulation increases the risk of a host of adult-onset medical conditions, breastfeeding would be expected to decrease the risk of Alzheimer's disease and other neurodegenerative disorders (10) . Metabolic dysregulation is also strongly associated with an increased risk of depression (10) , with breastfeeding decreasing the risk of adolescent depression and wider psychopathology (11) . It is also of note that the pathophysiological changes associated with depression overlap with, and may act to prime, the pathophysiological processes evident in Alzheimer's disease and other medical conditions (12) . As such, the benefits of breastfeeding may be mediating alterations in the offspring's metabolism that contributes to depression, which, in turn, may interact with susceptibility genes and other epigenetic developmental processes to determine the risk of a host of medical conditions over the lifespan. However, it should be noted that these are indirect links, although based on current evidence, have still to be investigated.
In this article, the benefits of breastfeeding are reviewed, particularly in the context of the impact of breast milk in the infant gut, and thereby on the development of the gut-brain axis and the immune system. The role of the melatonergic pathways in these processes are highlighted. Firstly, the gut-brain axis and the melatonergic pathways are overviewed.
The gut-brain axis
Enhanced levels of gut permeability and associated alterations in gut microbiota are linked to the etiology and/or course of an array of medical conditions, including multiple sclerosis (13), Parkinson's disease (12) , dementia (14) , schizophrenia (15) , bipolar disorder (16), the autistic spectrum (17) and depression (18) . As noted above, the high rates of comorbid depression, often prior to symptom exacerbation, in these conditions suggests that gut-brain axis alterations may mediate some of their associations with such an array of medical presentations via raised levels of depression.
The general model proposed to drive these wider impacts of altered gut microbiota and increased gut permeability emphasizes the importance of immuneinflammatory processes. Many of the effects of immuneinflammatory processes are driven by increased levels of pro-inflammatory cytokines. Such cytokines induce indoleamine 2,3-dioxygenase (IDO), which takes tryptophan away from the serotonin and melatonin pathways by driving it down to the kynurenine pathway, including to the synthesis of tryptophan catabolites (TRYCATs) (19) . An array of different TRYCATs can be produced, including immune and neuroregulatory TRYCATs, such as the excitotoxic quinolinic acid and the more protective kynurenic acid. Peripheral increases in such TRYCATs lead to increased levels of somatization (20) as well as increasing the availability for kynurenine and kynurenic acid to be taken up over the blood-brain barrier, in turn altering neuroregulation centrally (21) . Such increases in IDO, as well as the stress hormone cortisol-induced tryptophan 2,3-dioxygenase (TDO), not only increase peripheral and central TRYCATs, but, by decreasing serotonin availability, also decrease the activity of the melatonergic pathway, which requires serotonin as a precursor (22) . Alterations in the melatonergic pathways will be covered in more detail below. Suffice to note that gut permeability changes may not only regulate immune-inflammatory responses, but also have central effects via neuroregulatory TRYCATs and the inhibition of the serotonergic and melatonergic pathways.
Increased levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS) are intimately associated with enhanced levels of immune-inflammatory activity, with ROS and RNS contributing to driving the necessary plasticity changes in response to inflammation. However, prolonged ROS and RNS, in the absence of adequate or depleted endogenous antioxidants, lead to an increase in oxidative and nitrosative stress (O&NS), including lipid peroxidation-mediated damage to membranes and oxidative damage of DNA. DNA damage induces the DNA repair system, including poly(ADPribose) polymerase-1, which by depleting nicotinamide will decrease sirtuin levels, with consequent impacts on mitochondrial functioning (23) . Recent work proposes that mitochondria may be a significant hub for interactions among TRYCATs, melatonergic pathways, alpha 7 nicotinic receptors (a7nAChR) and the dioxin receptor, the aryl hydrocarbon receptor (24) . As such, these are key effector processes that may mediate the association of alterations in gut microbiota and gut permeability with a wide array of pathophysiological processes that occur across a host of medical conditions. Ultimately, it would seem that breastfeeding, at least in part via the gut, will modulate such processes.
Melatonergic pathways
Methoxyindole N-acetyl-5-methoxytryptamine (melatonin) is present in most plants and animals. Melatonin has been most widely investigated following its nighttime release by the mammalian pineal gland, a process that intimately involves melatonin in circadian rhythm regulation (25) . However, melatonin is produced by an array of cell types, including astrocytes, placental trophoblasts, immune cells and enterochromaffin gut cells (26) (27) (28) (29) . Following a meal, gut melatonin synthesis can be 400-fold that of the pineal gland night-time peak release (30) . Melatonin has been proposed to be produced in all mitochondria-containing cells (31) , with recent work suggesting that melatonin may be produced within mitochondria (32) . Melatonin synthesis is, therefore, widespread.
Melatonin has a number of significant effects, being an antioxidant, anti-inflammatory, antinociceptive and immune regulator, as well as optimizing mitochondrial functioning and inducing endogenous antioxidants (33) . Such effects allow melatonin to have clinical efficacy across a wide diversity of medical conditions, including neurodegenerative and psychiatric disorders (34) as well as in the management of cancers (35) .
The synthesis of melatonin requires tryptophan to be converted to serotonin by tryptophan hydroxylase, with serotonin then converted by arylalkylamine N-acetyltransferase to N-acetylserotonin (NAS), which is enzymatically converted to melatonin by hydroxyindole O-methyltransferase. NAS and the metabolites of melatonin are also powerful antioxidants, with NAS also a brain-derived neurotrophic factor (BDNF) mimic via its activation of the BDNF receptor tyrosine kinase receptor-B (36) . Both melatonin and NAS are amphiphilic, being able to diffuse across the extracellular space and over cell membranes, allowing them to have receptor-independent effects. Given that melatonergic pathway activation is highly dependent on serotonin availability, factors that drive tryptophan to TRYCATs production, such as stress and immune-activated TDO and IDO, will decrease melatonergic pathway activity. Likewise, factors that enhance serotonin breakdown by monoamine oxidase, such as chronic stress, will also decrease serotonin availability. As such, factors that act to mediate changes in the gut-brain axis by increasing TRYCATs, by virtue of taking tryptophan away from serotonin synthesis, will also concurrently lower melatonergic pathway activation.
As well as being highly produced in the gut, melatonin acts to maintain gut-barrier integrity, including when this is challenged by stress and dietary factors (37) . One species of intestinal bacteria, Enterobacter aerogenes, significantly increases its swarming behavior to melatonin (38) , indicating that the high levels of melatonin release in the gut following a meal are intimately linked to the interactions of the microbiome with the host. It requires investigation as to whether gut bacteria synthesize melatonin, including as to the role of host dietary factors in this. Some of the protection afforded by melatonin in gutbarrier maintenance is mediated by the a7nAChR (39), the level and activity of which can be upregulated by melatonin (40) . Consequently, TRYCATs pathway activation that increases the a7nAChR antagonist, kynurenic acid, may also act to negate the gut-barrier effects of melatonin.
Overall, the melatonergic pathway may be intimately associated with gut regulation as well as the processes driving the immune-inflammatory interactions of the gut-brain axis. Such interactions of TRYCATs with the melatonergic pathways and immune-inflammatory processes form the backdrop of the gut-brain axis upon which the constituents of breast milk will act.
Breastfeeding: physiological processes
The impact of breastfeeding on the physiological processes that underpin its many benefits are the subject of intense investigation. A host of immune-associated factors in maternal milk have been proposed to drive these breastfeeding benefits, including in preclinical investigations. Murine data indicates that maternal immune cells may act to compensate for the infant's inadequate adaptive immune system (41). Cabinian and colleagues showed that breast milk leukocyte survival in the suckling infant can occur, with most breast milk lymphocytes, predominantly T lymphocytes and cytotoxic T cells, establishing themselves in specific intestinal areas, called Peyer's patches. These authors suggest that maternal cytotoxic T cells in breast milk are directed to the Peyer's patches where they compensate for the infant's immature adaptive immune system, especially against constant oral infectious risks that are evident postnatally (41) . Such work has provided impetus to the search for breastfeeding-driven alterations in the developing immune system in mediating human breastfeeding benefits.
A multitude of immune-associated factors can be present, and transferred, in human breast milk, including whole cells, cytokines, chemokines, immunoglobulins (Igs), lysozymes, lactoferrin, human milk oligosaccharides and microbiota, as well as prebiotic glycans and various growth factors (42, 43) . These breast milk-derived factors are important, due, in part, to their role in the infant's gastrointestinal and immune system development (44) . As such, alterations in the infant gut seems to be an important mediator of breastfeeding benefits.
Breastfeeding: modulation of the gut and gut-brain axis
Recent work by Sordillo and colleagues in human infants revealed four underlying bacterial co-abundance groups: the first predominantly composed of Firmicutes (Lachnospiraceae/Clostridiales), the second predominantly composed of Proteobacteria (Klebsiella/Enterobacter), the third predominantly composed of Bacteriodetes and the fourth predominantly composed of Veillonella (45) . Using these co-abundance groups, these authors measured outcomes in regression models, with prenatal/birth and demographic characteristics as independent predictors, finding that race, mode of delivery, breastfeeding and cord blood vitamin D levels are significantly associated with the composition of the infant gut microbiome (45) . Although such a single study does considerably simplify the associations of prenatal factors and breastfeeding with the infant's gut microbiome, it is important to note that variations in vitamin D may also modulate levels of serotonin availability for the melatonergic pathways, with vitamin D increasing levels of tryptophan hydroxylase and, therefore, serotonin synthesis (46) . Other work supports a role for breastfeeding in the regulation of the gut microbiome, including in interaction with other factors, such as tobacco use and exposure to pets in pregnancy (47) . Such data indicates the relevance of early developmental processes, including breastfeeding, to the development of the gut, with consequences for the modulation of the gut-brain axis and developing immune system.
The World Allergy Association recently recommend the use of prebiotics in high-risk pregnancies, including when breastfeeding, highlighting the growing appreciation of the role of the gut in infancy to alterations in the immune response that contribute to later allergy susceptibility (48) . Such a perspective would also indicate that increasing gut melatonin, to increase gut bacteria swarming (38) , may also have utility in the early modulation of allergy risk. Generally, breastfeeding is associated with a significant decrease in an array of allergies (49) . However, the composition of human breast milk is a modulatory factor, with infants receiving human milk with low lacto-N-fucopentaose-III concentrations (<60 μm) being more likely to become affected with cow's milk allergy when compared to high lacto-N-fucopentaose-III-containing milk (50) . Allergies are one means by which alterations in gut microbiota may modulate the gut-brain axis, with relevance to an array of adult-onset disorders, including dementia, schizophrenia and bipolar disorder (51, 52) . Chen and colleagues showed that a predisposition toward allergies increased the risk of hypertension, dyslipidemia and diabetes mellitus among patients with schizophrenia or bipolar disorder (51) . Alterations in gut microbiota are strongly associated with the emergence of such metabolic syndrome-associated factors (53) , with the adjunctive use of melatonin in the treatment of psychosis decreasing the emergence of such metabolic factors (54) . As to whether these benefits of melatonin are mediated via the gut and the gut microbiome requires investigation in this patient group. It is also of note that variations in melatonin levels in breast milk are also likely to be relevant, which is discussed in more detail below. Overall, the specific composition of breast milk is of importance to later alterations in the gut-brain axis and immune system responses.
Other aspects of breastfeeding may also be relevant; for example, some mothers with inactive secretor genes have altered human milk oligosaccharide composition and quantities in their breast milk. A recent study by Smith-Brown and colleagues highlighted the relevance of secretor status interactions with breastfeeding on microbiota composition at 2-3 years of age (55) . Breastfeeding also modulates the infant's response to routine Rotarix childhood immunization at 8 and 15 weeks of age (56) . These authors showed that breastfeeding reduced both stool vaccine shedding and the IgA seroresponse, with reduced rotavirus gut replication and shedding after the first vaccine dose suggested to lower serum IgA response. As such, breastfeeding is intimately associated with alterations in immune responses.
It should be noted that there is a rapid alteration in the infant fecal microbiome following the transition from breastfeeding to other nutrition, including cow's milk. In circumstances when Clostridium difficile, the most common known cause of antibiotic-associated diarrhea, is present, this bacterium can disappear over early development, in the absence of any symptoms (57) . This is unusual, as at later developmental time-points antibiotic-induced increases in C. difficile lead to the release of toxins A and B, which cause significant tissue damage in the host, with symptoms that range from mild diarrhea to pseudomembranous colitis and toxic megacolon. As somewhere between 10% and 50% of infants are asymptomatic carriers of C. difficile, this suggests that the infant gut is a distinct environment. The role of intrapartum antibiotics, which occurs in about 50% of pregnancies, in the regulation of the offspring's gut is the subject of current investigation (58) .
As well as the gut microbiome influencing the host immune system by increasing gut permeability, it is important to note that gut microbiota are a metabolically active biomass that can weigh 2 kg in adult humans, with microbiota-derived molecules significantly influencing the metabolism of the host (59). The host takes up and utilizes an array of bacterial metabolites, including a major energy source in the form of short chain fatty acids, as well as folic acid and vitamins (60) . LeBlanc and colleagues also propose that such bacterial metabolites interact with the mammalian epigenetic machinery, including histone modifications and DNA methylation, thereby influencing the host's chromatin state and active gene expression (60) . As such, the effects of breastfeeding and the variations in its constituents modulate a complex array of physiological processes and systems.
A plethora of other physiologically relevant factors may also be variably present in breast milk, including T helper 1 (Th1) cytokines, which are generally pro-inflammatory, and the more anti-inflammatory Th2 cytokines. The levels and ratio of these cytokines in breast milk may modulate many aspects of infant development, including from their modulation of the infant's gut (61), with maternal intake of probiotics significantly regulating breast milk levels of cytokines and secretory IgA (62) . Maternal gut microbiota, by influencing the constituents of breast milk, will therefore modulate the development of the infant gut, including infantile colic and regurgitation (62), suggesting an across-generational gut bacteria communication. Chemokines, by virtue of chemo-attracting an array of various immune cells, are also important modulators of immune responses. A number of different chemokines are evident in breast milk (63) .
A multitude of growth factors are also evident in breast milk, including BDNF, glial cell line-derived neurotrophic factor (GDNF) and nerve growth factor (NGF) (64) , which, along with the omega-3 polyunsaturated fatty acid, docosahexaenoic acid (DHA), show alterations in the breast milk of women with preeclampsia (65). Preeclampsia is a risk factor for a wide array of offspring medical conditions, including schizophrenia (66) . Levels of circulating serum BDNF in the infant positively correlate with neurodevelopmental outcomes, being proposed to contribute to the association of breastfeeding with offspring cognition (67) . DHA levels also positively correlate with many markers of immune function in infants, including when DHA has been added to formula feed (68) . Both DHA (69) and GDNF (70) contribute to the maintenance of the gut barrier. However, stress-mediated increases in gut permeability in rodents are driven by increased NGF release from neighboring mast cells (71) , suggesting that trophic factors may also contribute to the plasticity processes associated with increased gut permeability.
Breast milk-derived trophic factors, as with cytokines and chemokines, have been proposed to mediate their effects by priming intestinal immune cells and helping to develop intestinal epithelial barrier function, as well as contributing to angiogenesis and generally suppressing immune-inflammation (42) . Human milk also contains high levels of other immune factors, including IgA (72) . IgA has an important function in the gut, especially in regard to mucosal immune defence. Over the course of development of the infant's immune system, gut microbiota eventually induce secreted IgA (sIgA) (73) , which, given the importance of sIgA in the selection of beneficial and less beneficial microbiota, is likely to be of some significance in the development of the gut and gut-brain axis (74) . As to how these immune-regulatory factors in breast milk interact with the development of the infant's sIgA response and wider mucosal immunity is the subject of current investigation (75) . The effects of such factors in breast milk may be even more important in premature infants (7) .
The neonate is highly dependent on the innate immune system in the first 6 months, prior to the full maturation of the adaptive immune system, which is also compensated for by increased activity of gamma-delta T cells (76) , including in premature infants (77) . As the adaptive immune system develops, gamma-delta T cells continue to be significant modulators of gut responses, including the activity levels of Th1 and Th17 cells, with gamma-delta T cells being subject to negative feedback effects by regulatory T cells (78) . Consequently, as well as breastfeeding modulating infant gamma-delta T cells responses, breastfeeding may also epigenetically regulate the nature of gamma-delta T cell interactions with the adaptive immune system over the lifespan (79) . It requires investigation as to whether this is mediated by alterations in the levels and/or regulation of the TNF-like cytokine TL1A, which is highly expressed in the gut (80) , where it acts to regulate mucosal Th1, Th2, Th17 and regulatory T cells (81, 82) as well as gamma-delta T cells and the microbiome (80) . The induction of TL1A is via the activation of the transcription factor, nuclear factor-kappa B (NF-kB) (83) , suggesting that the numerous factors that act to regulate NF-kB in breast milk, including melatonin (84), DHA (85) and NGF (86), may directly, or via the growth of an optimized microbiome, act to regulate TL1A. Probiotics also act to inhibit the levels of NF-kB activation (87), suggesting impacts on TL1A regulation.
The evolution of human breastfeeding has resulted in a circadian modulation of the contents of breast milk, including in the levels of breast milk melatonin (88) . It is of note that many of the factors in breast milk can act to regulate melatonin, suggesting that the varying breast milk constituents may differentially modulate levels of gut melatonin, with relevance to bacterial swarming (38) as well as melatonin's maintenance of the gut barrier (39) . For example, breast milk constituents, including tryptophan and omega-3 polyunsaturated fatty acids, inhibit monoamine oxidase, and thereby increase serotonin availability as a precursor for the melatonergic pathways (89, 90) . It is also notable that breastfeeding acts to attenuate the infant's hypothalamic-pituitary adrenal (HPA) axis response (91) , which is likely to inhibit the chronic effects of cortisol that can increase monoamine oxidase, which melatonin prevents (92) . This requires investigation in early development, as the infant's HPA axis can be unpredictably active (93) , allowing stress to have early impacts in the gut and gut-brain axis. It is also of note that maternal stress and anxieties prenatally also act to modulate the infant's HPA axis response (94) . As to how prenatal stressors interact with maternal postnatal stress in the modulation of the infant microbiome and the composition of breast milk require further investigation, including as to the relevance of alterations in the melatonergic pathways to this. The role of the melatonergic pathways in the perinatal period and infancy are looked at next, including as to the relevance of melatonin in breast milk.
Breastfeeding and melatonin
Over the course of pregnancy, the placenta produces increasing levels of melatonin, in a non-circadian fashion (27) . The melatonergic pathways are, therefore, activated throughout pregnancy, with beneficial effects in both the mother and the fetus as well as the placenta (95) . At parturition, such continuous placental melatonin provision ceases for the mother and the newborn baby. An aspect of the transition from fetus to newborn is the loss of continuous protection afforded by placental melatonin. This is not insignificant, as melatonin has many early postnatal benefits, including increasing survival in cases of perinatal asphyxia and neonatal sepsis (96, 97) . A broad array of data shows melatonin to have beneficial effects for the mother and the infant, including in decreasing the susceptibility to preeclampsia in the mother, and the consequences of this for both mother and infant (7, 96, 97) . Being a natural substance, it is important to note that no significant side-effects have been noted. To some degree, the loss of placental melatonin is compensated in the neonate by its presence in breast milk, as well as the constituents for melatonin's endogenous synthesis by the infant. It should be noted that infants do not show a circadian production of melatonin until they are 3-5 months old, which is about the time corresponding to the cessation of breastfeeding for many women, perhaps indicative of an adaptive response in infants that are no longer receiving melatonin from breast milk, or even an indicant that infants may not require melatonin until this age. However, in many non-Western cultures, breastfeeding is maintained until the infant is aged 1 year and above, indicating that the demands on women in Western culture are likely to underpin their earlier cessation of breastfeeding, rather than being an evolutionary derived process (1, 8) .
The night-time rise in pineal melatonin increases circulating maternal melatonin levels, which are transferred in the breast milk to the sucking infant, along with NAS and various melatonin metabolites (88) . Consequently, night-time breast milk has higher levels of melatonergic pathway products that may, among other effects, act to entrain the infant's developing circadian rhythms. Nighttime breast milk is therefore likely to have higher antioxidant, anti-inflammatory and immune regulatory effects (98) , including as arising from the impact of breast milk melatonin in the infant's developing microbiome and gut permeability, with consequences for immune system development, which is significantly regulated by circadian factors (99) . Given the importance of the gut microbiome to an array of childhood and adult-onset disorders (100), including metabolic dysregulation (101), night-time breast milk melatonin is likely to be of some importance to the etiology of a wide array of medical conditions, including SIDS (7) .
Many of the breast milk components that have been modeled as underpinning breastfeeding's biological benefits are regulated by melatonin (102) and NAS (103), suggesting that maternal circadian melatonergic pathway activity will modulate the benefits of wider breast milk components. Regulators of breast milk components also show circadian variation, including microRNAs (104) , which can regulate the transcription of many genes. Some of melatonin's effects are modulated by miR-16 (105) , which is expressed in a circadian rhythm in breast milk (104) , indicating interactions of melatonin, circadian rhythm and mRNAs in determining the constituents and effects of breast milk. As maternal stress modulates many breast milk components (106) , as well as gut permeability, melatonin will be important to the inhibition of these stress effects, both in the mother and infant. Overall, alterations in the regulation of the melatonergic pathway will have significant impacts on the constituents of breast milk, and therefore in the regulation of the infant gut and immune system.
Melatonin addition to formula feed
The role of melatonin in night-time breast milk, and its influence on the other components of breast milk, urgently requires further investigation, including as to the role of the melatonergic pathways in the regulation of the infant gut, and therefore on the developing gut-brain axis and immune system. Recently, we proposed that melatonin should be added to a night-time specific formula feed, in order to bring formula feed closer to the benefits of breast milk (7) . The absence of melatonin in formula feeds is a major deviation from the evolutionary forces that underpin the presence of melatonin in night-time breast milk. Some of the effects of breast milk melatonin in the infant gut are likely to be direct, both in regard to the swarming of different gut bacteria (38) and in the maintenance of the gut barrier. As indicated above, indirect effects will arise from the effects of melatonin on the levels of other beneficial breast milk components. Variation in the levels of maternal melatonin synthesis is also likely to be important to the general levels of wider breast milk circadian, antioxidant and immune-associated beneficial factors, as limited data would suggest (98) . Although, highly likely to prove beneficial, the addition of melatonin to breast milk would have to be investigated cautiously, as it would be likely to modulate wider aspects of normal infant development.
The addition of melatonin to formula feed may be most beneficial in premature infants, paralleling the common addition of proteins, fats and carbohydrates to breast milk for babies born preterm (107) . The period to full term that is lost in premature infants would have been a period of high, continuous exposure to placental melatonin, perhaps indicating that all pretermer feeds should contain melatonin. It is not uncommon for premature infants to suffer from necrotizing enterocolitis, which is still a devastating intestinal disease in preterm neonates and involves disruption of the development of gut microbiota, usually as a consequence of organ immaturity, antibiotic use and the hospital microbial environment (108) . Given the array of benefits of melatonin and other melatonergic pathway products, it is highly likely that melatonin will prove beneficial in the management of necrotizing enterocolitis in premature infants, as has been proposed (109), following its efficacy for this condition in preclinical models (110) .
As some of the benefits of melatonin may be mediated via its induction of the a7nAChR (39), it requires investigation as to whether the adjunctive use of choline, an a7nAChR agonist, would prove useful. A number of studies have indicated the utility of adding choline to infant feed (111) . The addition of choline, as well as melatonin, to infant feeding requires investigation, especially as to whether there are any synergistic effects, including in the gut and in the regulation of the gut-brain axis, as preclinical data would suggest (39) .
It will also be important to determine as to how variations in melatonin, including its addition to formula feed, interact with the master infant colonizer, bifidobacteria, and human milk oligosaccharides from breast milk, the importance of which has been recently highlighted (112) . Evidence indicates a role for bifidobacteria, when used as a prebiotic in the management of irritable bowel syndrome, in the modulation of melatonin (113) , suggesting interactions of bifidobacteria with melatonin.
Future directions
A number of future directions are indicated by the integration of the melatonergic pathways with the biological underpinnings of the gut and gut-brain axis, including the role of melatonin in breastfeeding's modulation of the early developmental formation of the gut-brain axis. Future directions include investigations as to whether: -gut microbiota produce melatonin and as to whether variations in melatonin synthesis are evident across specific microbiota species. -night-time breast milk feeding modulates the development of the infant gut, gut-brain axis and immune system. -variations in maternal melatonin production and content in breast milk modulate the infant gut and the susceptibility to an array of childhood and adult medical conditions, as well as childhood and adult cognitive ability. -the addition of melatonin would bring formula feed closer to the benefits of breast milk. -premature infants would further benefit from the addition of melatonin to all feeds. -the addition of choline and melatonin to formula feed would have additive or synergistic benefits, especially in premature infants. -the addition of melatonin to formula feed might lower SIDS risk. -melatonin in breast milk modulates not only the immune response but also the effector pathways involving alterations in the levels of specific TRYCATs. -the association of breast milk is mediated, in part, via the effects of melatonin and choline on depression susceptibility, with the biological underpinnings of depression increasing the risk of a host of other medical conditions. -and how breast milk melatonin variations interact with the role of prenatal sleep disturbance, linked to maternal stress, depression and anxiety in the prenatal period as well as postpartum depression, require investigation.
Conclusions
The integration of the melatonergic pathways into the biological underpinnings of the interaction of breastfeeding with the development of the gut, gut-brain axis and immune system may be important, both theoretically and clinically. As indicated by the collated data above, it is not unlikely that the melatonergic pathways will prove to be an important regulator of the early developmental etiology of a host of medical conditions. This suggests that targeting the melatonergic pathway in breastfeeding and the gut will be valuable in the prevention of a host of infant-, childhood-and adult-onset medical conditions.
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